Golden-mantled ground squirrels (Spermophilus lateralis) in the laboratory are most likely to enter torpor when the linoleic acid content of their diet is 33-62 mg/g diet. Diets of free-ranging ground squirrels vary in linoleic acid content throughout summer; however, they often do not have constant linoleic acid content for more than a month. The influence of natural short-term (Ͻ1 month) changes in diet levels of polyunsaturated fatty acid (PUFA) on hibernation could not be predicted by previous studies because they involved subjects maintained on diets with the same PUFA content for 7-24 weeks. Hibernation experiments with laboratory feeding were conducted on S. lateralis to determine the influence on torpor of short-term (Ͻ1 month) shifts in diet PUFA levels. Reducing diet linoleic acid content for just 19 days immediately before onset of hibernation enhanced torpor of S. lateralis that ingested diets with high-linoleic acid (Ͼ62 mg/g) levels during earlysummer feeding. But increasing diet linoleic acid levels for 19 days did not increase torpor of squirrels fed diets with low-linoleic acid (Ͻ33 mg/g) content during early-summer feeding. Short-term changes in diet PUFA content can thus have a strong influence on hibernation ability and overwinter survival in some circumstances.
Laboratory experiments with chipmunks (Tamias amoenus), 2 species of ground squirrels (Spermophilus lateralis and S. saturatus), and marmots (Marmota flaviventris) have revealed that their torpor is enhanced when they ingest diets with moderately high levels of linoleic acid. Sciurids that were fed a moderately high-linoleic acid diet were more likely to enter torpor, spent less time fasting before torpor, had lower metabolic rates during torpor, and had longer torpor bouts than those given diets containing relatively less linoleic acid (Florant et al. 1993; Frank 1992; Geiser and Kenagy 1987, 1993; Thorp et al. 1994) . Similar experiments conducted with mice (Peromyscus maniculatus) and 2 marsupial species (Acrobates pygmaeus and Smin- * Correspondent: frank@fordham.edu thopsis macroura) produced identical results (Geiser 1991; Geiser et al. 1992; Withers et al. 1996) . The torpor of golden-mantled ground squirrels (S. lateralis) is actually inhibited, however, when diet linoleic acid content is above 62 mg/g (Frank and Storey 1996) , possibly because of enhanced lipid peroxidation (Frank and Storey 1995) . Torpor of S. lateralis is thus most likely when linoleic acid level is 33-62 mg/g diet (Frank et al. 1998) .
Linoleic acid is a polyunsaturated fatty acid (PUFA) having Ͼ1 carbon-carbon double bond, as opposed to either a saturated fatty acid containing no carbon-carbon double bonds or a monounsaturated fatty acid containing only 1 such bond. Mammals can synthesize saturated and monounsaturated fatty acids, but they are incapable of producing PUFAs. Most plant species, however, produce 2 PUFAs: linoleic acid (18 carbon atoms, 2 double bonds) and ␣-linolenic acid (18 carbon atoms, 3 double bonds). When mammals consume PUFAs, these are incorporated into their cell membranes and storage lipids (Gunstone 1996; Mead et al. 1986 ).
The diet of ground squirrels consists mostly of plants, although sporocarps of hypogeous fungi comprise a large portion of the diet during certain seasons in some habitats (Eshelmann and Jenkins 1989; Kenagy et al. 1989; Morton 1975; Tevis 1953) . The PUFA content of plants varies with species (Harwood and Geyer 1964) , season (Quinn 1988) , and between different parts of the same plant (Florant et al. 1990 ). The plant species and plant parts ingested by free-ranging S. lateralis, for example, have linoleic acid content ranging from 3 to 274 mg/g (Frank et al. 1998) . The PUFA content of fungal tissues also varies with species (Mead et al. 1986 ).
Feeding by ground squirrels increases dramatically for 2 months before onset of hibernation, and a body fat content of 35-40% is attained by the end of this period (Kenagy 1987; Kenagy and Barnes 1988) . The species composition of plants and fungi in ground squirrel diets does not remain constant during this intensive feeding period (Kenagy et al. 1989; Morton 1975; Tevis 1953) . Analyses of adipose tissues produced by free-ranging Belding's ground squirrels (S. beldingi) reveal that the average PUFA content of their diets during the initial (1st) month of intensive feeding and fattening is 70 mg/g, but during the last (2nd) month of this period it decreases to 49 mg/g (Frank 1991 ). Diets of free-ranging S. lateralis have an average PUFA content of 47 mg/g during the last month of feeding just before hibernation (Frank et al. 1998) , although PUFA content of their diets average 66 mg/g during the 1st month of intensive feeding (Frank 1994) . Diets of freeranging ground squirrels thus have PUFA content too high (Ͼ62 mg/g) to support torpor during the 1st month of intensive feeding and fattening, whereas their diets during the final month of intensive feeding have PUFA levels more conducive to torpor (33-62 mg/g). How do such variations in PUFA content of the diet during the intensive feeding and fattening stage influence subsequent torpor patterns?
All previous studies on the influence of diet PUFA content on torpor involved mammals maintained on diets with constant PUFA content for 7-24 weeks (Florant et al. 1993; Frank 1992; Storey 1995, 1996; Geiser and Kenagy 1987, 1993; Geiser et al. 1994; Thorp et al. 1994 ). Effects of short-term (Ͻ1 month) shifts in dietary PUFA content on torpor are thus unknown. Laboratory diet-selection experiments with S. lateralis reveal that it normally maintains diet PUFA level between 33 and 62 mg/g during intensive feeding through its food choice (Frank et al. 1998) . These squirrels reduce their diet PUFA levels to 20 mg/g through their food choice, however, after they had been maintained on a high-PUFA (60 mg/g) diet during the 1st month of intensive feeding and fattening (Frank 1994) . Free-ranging ground squirrels may thus prefer low-PUFA items during the latter part of the feeding and fattening period to offset the negative influence on torpor of high-PUFA diets ingested during the early summer. Food items with PUFA contents too high to support torpor (Ͼ62 mg/g) may in turn be ingested during the early summer because of limitations in the food types available.
I propose that the reduction in diet PUFA content during the last month of intensive feeding and fattening compensates for a high-PUFA (Ͼ62 mg/g) diet consumed during the 1st month of intensive feeding with respect to torpor. Diet-choice experiments with S. lateralis fed low-PUFA (2 mg/g) diets during the 1st month of feeding and fattening demonstrated no corresponding increase in the preferred level of PUFA in the diet during subsequent feeding trials (Frank 1994) . I, thus, also propose that in-creasing diet PUFA levels during the last month of intensive feeding does not compensate for having ingested diets with low-PUFA (Ͻ33 mg/g) levels during the 1st month of this period, with respect to torpor. Experiments were conducted with S. lateralis and diets varying only in PUFA content to determine the influence of short-term shifts in diet PUFA levels on torpor.
MATERIALS AND METHODS
Populations of S. lateralis in high elevations usually begin intensive feeding and fattening during late July, with maximal body fat content and onset of hibernation attained by late September to early October (Blake 1972). Twentyeight adult S. lateralis were thus collected from the Barcroft area (37Њ16ЈN, 118Њ14ЈW, elevation 3,800 m) of the White Mountains in California during the 1st week of August 1997. All squirrels were individually housed in standard rat cages located in the Wildlife Vivarium of Fordham University and were maintained at 22-24ЊC on a natural autumn photoperiod (10L:14D).
Squirrels were divided into 5 groups (n ϭ 5 to 6), and each group was fed a different sequence of semisynthetic diets for 61 days. All squirrels were induced to hibernate after this 61-day feeding period by placing them (in their cages) at an ambient temperature of 3.0ЊC and on an autumn photoperiod in an environmental chamber. Food was withheld after a 24-h habituation period. All nonhibernating squirrels were removed from the study after 11 days of fasting because they appeared to have depleted most of their fat stores. Hibernating S. lateralis were maintained under these conditions for the next 5 months. Body temperatures and durations of torpor bout of squirrels were measured every 30 min using body temperature telemeters (Minimitter model A, Mini-Mitter Inc., Sunriver, Oregon) surgically implanted into the abdomen of each squirrel 8 days before hibernation induction. The signals from these telemeters were received and interpreted by a Datacol Model 3 system (Mini-Mitter Inc.). Body temperatures for the control group are not reported because the batteries in most of the telemeters for this group failed during the 1st month. Duration of torpor bouts of the control group was thus measured manually by examining each squirrel every 12 h for displacement of sawdust that had been placed on its back while the animal was torpid.
The study involved 4 types of semisynthetic diets, each with a different PUFA content. Diets were specially produced for this study by the Test Diets Division of Purina Mills, Inc. (Richmond, Indiana), and each was mixture of 85% Purina 5001 Rodent Chow and 15% commercial plant oil. A different plant oil was used in each diet to vary fatty acid composition. All fatty acids were thus in a natural (triacylglycerol) form. Most of the fatty acids in the diets were 18 carbon atoms long, containing 1, 2, or 3 carboncarbon double bonds. They are represented by standard biochemical notation as 18:1, 18:2, and 18:3. These fatty acids were oleic (18:1), linoleic (18:2), and ␣-linolenic (18:3) acids (Gunstone 1996) . Most of the PUFA in these diets was linoleic acid because this fatty acid accounts for more than two-thirds of the PUFAs found in diets of free-ranging ground squirrels (Frank 1991 (Frank , 1992 (Frank , 1994 .
Dietary fatty acid composition was determined by gas-liquid chromatography. All lipids were first extracted from diet samples using a chloroform-methanol procedure (Folch et al. 1957) . All fatty acids were isolated from the extracted lipids by transesterification with 1.0 N methanolic HCl, producing fatty acid methyl esters (Christie 1989). Fatty acid methyl esters were identified and quantified using a gas-liquid chromatograph (Model 5890, Hewlett-Packard, Palo Alto, California) fitted with a capillary column (Model DB-23, J&W Scientific, Inc., Folsom, California) that was 30 m long. The column was initially held at 110ЊC for 3 min, then the temperature was raised to 160ЊC at a rate of 20ЊC/min and was finally brought to 210ЊC at a rate of 4ЊC/min. The carrier gas was helium, flowing at a rate of 30 ml/min. Fatty acid composition of the low-PUFA diet was 19.5 mg/g of 18:1, 17.4 mg/g of 18:2, and 1.8 mg/g of 18:3. The medium-PUFA diet contained 53.5 mg/g of 18:1, 35.5 mg/g of 18:2, and 3.2 mg/g of 18:3. The high-PUFA diet consisted of 28.3 mg/g of 18:1, 113.9 mg/g of 18:2, and 2.5 mg/g of 18: 3. The control diet had 22.6 mg/g of 18:1, 49.3 mg/g of 18:2, and 2.0 mg/g of 18:3. Only the medium-PUFA diet and control diet had linoleic acid content that was within the range (33-62 mg/g diet) required by S. lateralis for proper hibernation. Each diet was pressed into 1-g cylin- Each experimental group was given 3 different diet types for varying periods of time and in a different sequence during a 61-day period, and every squirrel was given 25 g of diet per day. The timing consisted of 42 days on 1 main diet (high or low PUFA), 7 days on an intermediate PUFA, and 12 days on the opposite PUFA content (low or high PUFA). The order of feeding was done in opposite sequences for the maximum and minimum regimens. In group I, diets were given in the order of 42, 7, and 12 days, whereas in group II the sequence was 12, 7, and 42 days. Thus, the 4 experimental groups received the following diet sequences. The maximum PUFA-I group was first maintained on the high-PUFA diet for 42 days, the medium-PUFA diet for 7 days, and last the low-PUFA diet for 12 days. The maximum PUFA-II group was given these diets in the opposite order. Each of these 2 diet groups thus had an average linoleic acid content of 85.9 mg g Ϫ1 day Ϫ1 during the entire 61-day feeding period. The minimum PUFA-I group was first given the low-PUFA diet for 42 days, the medium-PUFA diet for 7 days, and then the high-PUFA diet for 12 days. The minimum PUFA-II group was fed these diets in the opposite order. Both these regimens had an average linoleic acid content of 38.5 mg g Ϫ1 day Ϫ1 during the entire 61-day feeding period. The maximum PUFA-I regimen was designed to test the hypothesis that reducing diet PUFA levels during the last month of intensive feeding restores the torpor ability of squirrels that ingested high-PUFA diets during the 1st month of this period. The maximum PUFA-II regimen was designed to determine if the timing of reductions in diet PUFA level is important. The minimum PUFA-I regimen was designed to test the hypothesis that increasing diet PUFA levels during the last month of feeding and fattening does not compensate for ingesting a low-PUFA diet during the 1st month of this period. The minimum PUFA-II regimen was included to determine if the point during which an increase in diet PUFA levels occurred significantly influences torpor. The control regimen consisted of maintaining squirrels on the control diet for the entire 61-day period.
The body fat content (% total mass) of 3 squirrels randomly selected from each group was measured on the 53rd day of the feeding period (just before implantation of telemeters) by determining their total-body electrical conductivity using a body composition analyzer (Model SA-2, EM-Scan Inc., Springfield, Illinois), following the techniques of Walsburg (1988) in conjunction with a calibration curve developed in-house specifically for S. lateralis. Proportions of squirrels hibernating in each group were statistically compared using the extension of Fisher's exact test developed by Freeman and Halton (1951) . All other multiple comparisons were conducted using the general-linear-models procedure of analysis of variance (ANOVA; SAS Institute Inc. 1985).
RESULTS
There were no significant differences in mean body masses (F ϭ 2.08, d.f. ϭ 4, 23, P ϭ 0.12) at the end of the 61-day feeding period (Table 1) . Mean body-fat content of all diet groups were not statistically different (Table 1) 0.02, d.f. ϭ 4, 11, P ϭ 0.99). Proportions of squirrels hibernating in each group (Table 1) significantly differed (Fisher statistic ϭ 5.59, P ϭ 0.04) between feeding regimens. The proportions of squirrels entering torpor in the maximum PUFA-I and control groups (Table 1) were both significantly greater than the proportions of those entering hibernation in the maximum PUFA-II, minimum PUFA-I, and minimum PUFA-II groups (Fisher statistic ϭ 4.86, P ϭ 0.03). Hibernating members of the maximum PUFA-I and PUFA-II groups fasted for about twice as long (Table 1 ) before entering torpor than the hibernating members of the other groups (ANOVA: F ϭ 7.38, d.f. ϭ 4, 5, P ϭ 0.03).
A preliminary comparison of data for the 1 squirrel in the minimum PUFA-I group and the 2 from the minimum PUFA-II group that entered hibernation revealed no significant differences in torpor patterns. Thus, torpor data for these 3 squirrels were pooled into a single group (minimum PUFA-I and II). Likewise, a preliminary comparison of data for the 2 squirrels in the maximum PUFA-II group that hibernated and the data for the 4 hibernating squirrels in the maximum PUFA-I group revealed no significant differences in torpor patterns, so they were combined (maximum PUFA-I and II group).
The minimum PUFA-I and II and maximum PUFA-I and II groups had no statistical difference in minimum body temperatures during the first 4 months of torpor (Fig. 1A) , but the minimum PUFA-I and II group maintained a significantly lower minimum body temperature during the 5th (last) month of torpor (t ϭ 4.82, d.f. ϭ 3.2, P ϭ 0.02). The minimum PUFA-I and II group had a significantly shorter mean duration of torpor bouts (Fig. 1B) than the other 2 groups only during the 2nd month of hibernation (F ϭ 5.32, d.f. ϭ 2, 8, P ϭ 0.03). Mean duration of torpor bouts of all 3 groups was not statistically different at any other point during hibernation (Fig.  1B) .
DISCUSSION
This study demonstrates that ground squirrels can partially offset the negative effects on hibernation caused by consuming a high-PUFA (Ͼ62 mg/g) diet during summer by switching to low-PUFA diets during the autumn, as predicted. Reducing levels of diet PUFA for only 19 days before hibernation produced twice as many squirrels capable of entering torpor in the maximum PUFA-I group as the number of such squirrels in maximum PUFA-II group. This is remarkable considering that the average daily linoleic acid content of both groups was well above 62 mg/g. Squirrels in the maximum PUFA-I group fasted for a longer period before hibernation than those in the control group. This is an important limitation because S. lateralis fasting at an ambient temperature of 3-5ЊC metabolize 8-9 g of body fat per day (Frank 1992) , and this species produces only 120-125 g of body fat for hibernation (Table 1) . Thus, a shortterm reduction in diet PUFA levels just before the induction of hibernation may not fully compensate for ingesting a predominately high-PUFA (Ͼ62 mg/g) diet during early summer. The best feeding strategy for hibernation appears to be maintaining diet PUFA levels between 33 and 62 mg/g diet throughout the entire intensive feeding and fattening period. Previous studies on the diets of free-ranging S. lateralis and S. beldingi suggest that short-term reductions in dietary PUFA levels may commonly be used by these animals to enhance their torpor and subsequent overwinter survival (Frank 1991 (Frank , 1994 .
This study also demonstrates that a shortterm (Ͻ1 month) increase in diet PUFA content during autumn does not improve hibernation ability of ground squirrels with summer diets that have low-PUFA (Ͻ33 mg/g) content, as predicted. Increasing dietary PUFA levels for 19 days immediately before induction of hibernation did little to improve the probability of torpor, even though this brought the average daily linoleic acid levels to 38.5 mg/g diet per day for the entire fattening period. Thus, ground squirrels cannot compensate for having fed on a low-PUFA diet during most of the summer by switching to a high-PUFA diet during the last 19 days of feeding.
Diet regimens in this study, in most cases, did not differ significantly in either minimum body temperatures or durations of torpor bouts maintained during hibernation. Short-term variations in diet PUFA levels during the last 2 months of feeding before hibernation influence only the propensity to enter torpor within 11 days but not subsequent torpor patterns. Torpor appears to be an ''all or nothing'' response to this diet manipulation.
The mechanisms by which diet PUFA levels influence torpor are poorly understood. The melting point of the triacylglycerols stored in mammalian depot fats (adipose tissues) depends mostly on the degree of unsaturation of the fatty acid portion of these molecules, greatly decreasing as degree of unsaturation increases (Gunstone 1996) . Stored triacylglycerols are the primary energy source used during hibernation (Kayser 1965) , and it is thought that they must be in a fluid state to be metabolizable. Thus, it has been proposed that a certain amount of dietary PUFAs must be incorporated into stored triacylglycerols to make them accessible during torpor (Fawcett and Lyman 1954; Frank 1991; Tait 1922) . A very high-PUFA diet, in contrast, may inhibit hibernation by raising the PUFA content of stored triacylglycerols to a point where the rate of lipid peroxidation in adipose tissues increases (Frank and Storey 1995) . Lipid peroxidation is a self-sustaining chain reaction between PUFAs and reactive oxygen species that produces polymers and peroxides, both of which are highly toxic to mammalian cells (Gunstone 1996) . Further investigation of the role of dietary PUFAs in torpor will undoubtedly provide new insights into both the ecology and physiology of mammalian hibernation.
